The cellular accumulations of polyamines and ribonucleic acid (RNA) were compared in the polyauxotrophic mutants of Escherichia coli strain 15 TAU and E. coli K-12 RCrel met-leu-. Putrescine, spermidine, and their monoacetyl derivatives were the main polyamines in both strains, when grown in glucose-mineral medium. No significant degradation of either "4C-putrescine or '4C-spermidine was found in growing cultures of strain 15 TAU, which requires thymine, arginine, and uracil for growth. Experiments with this organism showed that in a variety of different incubation conditions, which included normal growth, amino acid starvation, inhibition by chloramphenicol or streptomycin, or thymine deprivation, a close correlation was seen between the intracellular accumulation of unconjugated spermidine and RNA. In the presence of arginine, the antibiotics stimulated the production of putrescine and spermidine per unit of bacterial mass. Deprivation of arginine also resulted in an increase in the production of putrescine per unit of bacterial mass, most of which was excreted into the growth medium. However, in this system the antibiotics reduced the synthesis of putrescine. Furthermore, streptomycin caused a rapid loss of cellular putrescine into the medium. The latter effect was not seen in anaerobic conditions or in a streptomycin-resistant mutant of 15 TAU. Methionine added to the growth medium of growing TAU not only markedly increased the total production of spermidine, but also increased both the intracellular concentration of spermidine and the accumulation of RNA. Exogenous spermidine extensively relaxed RNA synthesis in amino acid-starved cultures of 15 TAU. Analysis in sucrose density gradients showed that the RNA accumulated in the presence of spermidine was ribosomal RNA.
ribonucleic acid (RNA). The early stimulation of polyamine synthesis in regenerating rat liver, concomitant to an increase in RNA synthesis, has been observed (6, 18) . Furthermore, polyamines will stimulate DNA-dependent RNA polymerase, both by maintaining the initial rate of RNA formation and, when added late to an arrested reaction mixture, by causing a renewal of polymerase activity (7) .
In the present study, we have tried to explore the relationship of polyamines to nucleic acid metabolism in polyauxotrophic strains of Escherichia coli, which facilitate the study of polymer synthesis. Our results reveal that in a variety of different growth conditions there is a close correlation between the accumulation of cellular spermidine and RNA. In strains showing a "stringent" amino acid control of RNA synthesis, exogenous spermidine is able to "relax" RNA synthesis extensively in cultures starved for amino acid. The RNA accumulated in the presence of exogenous spermidine is shown to be predominantly ribosomal RNA. In contrast, exogenous putrescine has little effect on RNA synthesis even at high concentrations and, when added simultaneously with spermidine, counteracts the stimulating effect of the latter. Furthermore, our results obtained with "relaxed" strains suggest that spermidine acts as a feedback inhibitor in the biosynthesis of putrescine in these organisms. Some of these results have been reported earlier (4, 17) .
MATERIALS AND METHODS
Chemicals. Putrescine dihydrochloride and streptomycin sulfate were obtained from Nutritional Biochemicals Corp., Cleveland, Ohio. Monoacetylputrescine was kindly supplied by Herbert Tabor of the National Institutes of Health. Spermidine trihydrochloride was purchased from the Calbiochem, Los Angeles, Calif. It is recorded as having a melting point of 261 to 262 C and N = 16.30%. Its purity was checked by paper chromatography and paper electrophoresis, and it was found to contain less than 1% of any ninhydrin-reactive impurity. Chloramphenicol was a product of Parke-Davis & Co., Detroit, Mich. Ribonuclease-free deoxyribonuclease was purchased from the Worthington Biochemical Corp., Freehold, N.J. The ninhydrin used for the quantitative determination of polyamines was obtained from the Matheson Co., Inc., East Rutherford, N.J. Sodium dodecyl sulfate was a product of Fisher Scientific Co., Fair Lawn, N.J. It was recrystallized twice from hot water.
Of the radioactive material, putrescine-1,4-14C dihydrochloride, 14C-spermidine (aminopropyl-tetramethylene-J, 4 -'4C-diamine) trihydrochloride, and uniformly labeled 14C L-leucine were purchased from New England Nuclear Corp., Boston, Mass. Uracil-2-14C was a product of Calbiochem.
Bacterial strains and growth conditions. Strain TAU, a polyauxotrophic mutant of E. coli 15, was used in most experiments. This strain, which requires thymine, arginine, and uracil for growth, has been described in earlier reports from this laboratory (9, 23) . This organism is blocked between ornithine and citrulline (9) . The isolation of a streptomycin-resistant, nondependent derivative of strain TAU has also been described (22) . The strain E. coli K-12 RCrel met-leu-was obtained from A. Kaji of the Universith of Pennsylvania.
The bacteria were grown in mineral medium (23) supplemented with 1 mg of glucose per ml, at 37 C with vigorous aeration. In experiments on anaerobiosis, a mixture of 5% C02-95% N2 was bubbled through the flasks (22) . For strain TAU, the mineral medium was supplemented with 2 ,ug of thymine, 20 ,ug of L-arginine, and 12 ug of uracil per ml. The cultures of E. coli K-12 RCrel met-leu-were supplemented with 20 ,ug of L-methionine and L-leucine per ml. The growth rate was followed turbidimetrically. At the logarithmic phase of growth of strain 15 TAU, 1 g of wet weight was equivalent to 0.21 g of dry weight, 3.6 X 1011 viable cells, and 1.1 X 105 Klett units. Viable counts were determined by plating on nutrient agar. The cells were harvested at exponential phase (2 X 108 to 3 X 108 cells per ml) and washed once with mineral medium. The cells were then resuspended in a small volume of mineral medium and inoculated into specified culture media (17) . Portions of 150 ml were taken at appropriate intervals and chilled on ice. The cells were harvested by centrifugation, washed once with 5 ml of cold mineral medium, and recentrifuged. The combined supernatant fluids were used for the analysis of polyamines of the medium. Our preliminary experiments showed that this wash procedure did not significantly reduce the cellular polyamine pool, which is in agreement with observations on E. coli B (5, 24) .
Analytical methods. The method used for the quantitative determination of polyamines in bacterial cultures has been described earlier in detail (17) . Two recent minor additions to the procedure will be included here. The background color can be reduced practically to zero by placing concentrated sulfuric acid on the bottom of the oven in which the ninhydrin color will be developed. Secondly, to facilitate the elution of the ninhydrin color from the paper, a reduction is recommended in the amount of cadmium acetate in the elution solution; at 10 mg/ml, no significant loss occurs in the stability of the color. In our hands, the ninhydrin method employed here has proved to be sensitive and reproducible. At the level of 5 to 40 m;zmoles of polyamine per electrophoretic strip, the duplicates did not deviate more than ±2 to 3%. When duplicate samples of bacteria were analyzed, the results agreed in general within ±3 to 5%c. Somewhat larger deviations were seen in the analyses of spermidine from the media, usually containing only low amounts of this polyamine. Putrescine, spermidine, and their monoacetyl derivatives were identified by paper chromatography (5) and by paper electrophoresis. No attempt was made to isolate labile derivatives of polyamines, such as the glutathione VOL. 94, 1967 RAINA, JANSEN, AND COHEN derivative of spermidine (26) . If such derivatives occur in the strains used in this study, they are recorded as unconjugated polyamines. The radioactivity of polyamines was determined, after paper electrophoretic separation, directly on paper in a Packard TriCarb liquid scintillation spectrometer (16) . RNA was determined in hot trichloroacetic acid extract by Dische's modification of the orcinol reaction (1). Incorporation of 14C-uracil into trichloroacetic acidinsoluble material was determined after collecting the trichloroacetic acid precipitate on Millipore filters (23) .
Preparation of ribosomal and RNA extracts. The incorporation of 14C-uracil was stopped by pouring the culture into frozen crushed medium. All the following procedures were performed at 2 to 4 C. The harvested cells were washed once with 5 X 10-3 M tris(hydroxymethyl)aminomethane (Tris)-acetate buffer (pH 7.4), containing 10-4 M magnesium acetate. The pellet was then ground with 2.5 times its weight of alumina for 5 min and extracted with 5 ml of the above buffer per g (wet weight) of cells. The extract was then treated with 5 ,ug of deoxyribonuclease per ml, and the cell debris and alumina were removed by two successive centrifugations at 18,000 X g for 20 min each. RNA was prepared from this extract by adding sodium dodecyl sulfate (SDS) to a final concentration of 0.5% and vigorous shaking at room temperature for 15 min (15) .
Density gradients in sucrose. Samples of the bacterial extract not treated with SDS (ribosomal) and the SDS-treated (RNA) extract were layered on 4.4 ml of a linear density gradient of 5 to 20% sucrose prepared in the above Tris-acetate buffer. The ribosomal preparation was centrifuged for 3 hr and the RNA preparation, for 6 hr at 38,000 rev/min at 4 C in a Spinco model L-2 centrifuge, with an SW 39 rotor. At the end of the run, 10-drop fractions were collected, and 1 ml of water was added to each tube.
After measuring the absorbance at 260 ml, in a Beckman DU spectrophotometer, one drop of 1% carrier RNA and 1 ml of 10% trichloroacetic acid were added. The precipitates were collected on filters (Millipore Corp., Bedford, Mass.), dried, and counted in a Packard Tri-Carb liquid scintillation spectrometer.
RESULTS
Fate of 14C-polyamines. In preliminary experiments, we found that 14C-putrescine, although rapidly taken up by the cells, was not degraded to a significant extent in growing cultures of E. coli strain 15 TAU during an incubation period of 3 hr. This strain seems to differ from E. coli strain B, in which only about 70% of the input radioactivity of '4C-putrescine was recovered in polyamines at 3 hr. Neither of these organisms was able to degrade "4C-spermidine, in agreement with the report by Dubin and Rosenthal (5) .
A large portion of the cellular polyamines, particularly spermidine, occurs as conjugates, mainly as monoacetyl derivatives. In the following presentation, the term unconjugated, or "free," polyamine refers to the nonacetylated state. "Total" polyamine, determined after acid hydrolysis of the extracts (17) , comprises both unconjugated and acetylated polyamine. It Correspondingly, about 7.5 to 9%, of RNA phosphorus could be neutralized by free amino-N of total cellular spermidine and 21 to 26% by free amino-N of total cellular polyamine. Table 1 shows that in a growing culture the net accumulation of spermidine continued until the growth was stopped due to exhaustion of glucose. The production of putrescine in that system continued somewhat beyond that of spermidine. The addition of chloramphenicol or streptomycin, despite growth inhibition, increased the synthesis of spermidine per unit of bacterial mass. In the presence of chloramphenicol, the intracellular accumulation of spermidine was stopped at 2 hr.
In this system containing arginine, chloramphenicol did not inhibit total production of putrescine: the total synthesis of putrescine was more than doubled per unit of bacterial mass, whereas intracellular putrescine remained roughly unchanged. Streptomycin also permitted a continuing synthesis of putrescine, but in this instance caused a gross extrusion of cellular putrescine, concomitant with cell death. This continuing leakage caused by streptomycin was markedly prevented by a simultaneous addition of chloramphenicol, as was the lethality.
A comparison between the intracellular content of unconjugated polyamines and RNA is presented in Fig. 1 . A close correlation between the changes in cellular contents of spermidine and RNA is evident, whereas an increase of putrescine was seen only in the uninhibited cultures. Table 2 shows that during amino acid starvation some spermidine was synthesized, indeed its synthesis per unit of bacterial mass was even increased, as compared to the system containing arginine (cf. a Cells were grown and harvested while in exponential phase. Washed cells were then resuspended in a small volume of mineral medium; the media shown in the table were inoculated with this suspension and incubation was continued for 3 hr. Portions of 150 ml were taken at appropriate intervals. Polyamines were determined after acid hydrolysis, comprising both free and conjugated polyamines. CM = chloramphenicol, 20 ,g/ml; SM = streptomycin, 60 ,ug/ml; Pu = putrescine; Spd = spermidine. Table   1 .
spermidine accumulated intracellularly in this system; hence, most of the net incrementwas found in the medium as acetyl derivative. In contrast to spermidine, the net synthesis of putrescine continued during amino acid starvation at an even higher rate than in growing cells. Although most of the putrescine formed in this culture was excreted to the medium, there was also a significant increase in intracellular putrescine, which resulted in an increase in the ratio of putrescine to spermidine. As shown in Fig. 2 , RNA was not accumulated during amino acid starvation, which is in agreement with our earlier report on 15 TAU, defined as "stringent" (23) . Table 2 further shows that the addition of chloramphenicol to a culture deprived of amino acid stimulated the net production of spermidine to some extent (10 to 20%). This figure would be higher, if calculated per cell, because the cell count remained lower in the chloramphenicoltreated culture. However, the intracellular accumulation of spermidine in the chloramphenicol-treated culture was much more than was the net synthesis of this polyamine, paralleling the intracellular accumulation of RNA (Fig. 2) . However, the increment in spermidine was higher (160%) relative to that in RNA (55%) during an incubation of 3 hr. In contrast, intracellular putrescine did not accumulate in the presence of chloramphenicol, which also markedly reduced 1688 the total production of putrescine. Thus, chloramphenicol, which relaxes RNA synthesis, not only increased the intracellular concentration of spermidine, but also reduced the ratio of putrescine to spermidine.
As shown in Table 2 , streptomycin did not change the total production of spermidine, but did reduce the net synthesis of putrescine. As in growing cultures, streptomycin caused an extrusion of cellular putrescine, although this as well as the loss in viability was markedly delayed compared to growing cells. It has been reported that, in the absence of amino acid, streptomycin causes an initial inhibition and then a stimulation in RNA synthesis, when measured by the incorporation of labeled uracil into an acid-insoluble fraction (22) . As shown in Fig. 2 , the net increment in RNA between 1-and 3-hr point was about 20%; this relatively small net increase compared with a high rate of uracil incorporation is due to a high turnover rate of streptomycin-stimulated RNA, which has actually been demonstrated (22) . Also, in this instance the increase in RNA correlates with that in unconjugated cellular spermidine as well as with the decrease in the ratio of putrescine to spermidine.
When a culture of 15 TAU was treated with both streptomycin and chloramphenicol in the absence of amino acid, the net increment in RNA and cellular spermidine was higher than with chloramphenicol alone (Table 2, Fig. 2 ). The leakage of cellular putrescine and the lethality by streptomycin was prevented under these conditions.
When cultures of TAU starved for arginine were incubated in anaerobic conditions in the presence of streptomycin, neither killing nor extrusion of cellular putrescine occurred. The strain TAU resistant to streptomycin had approximately the same polyamine pattern as the sensitive one in the absence of the antibiotic. Streptomycin did not produce a leakage of putrescine in the resistant strain.
Effect of methionine on the accumulation of polyamines and RNA in E. coli 15 TAU. When methionine, a precursor in the biosynthesis of spermidine, was added to the culture of TAU in mineral medium, the polyamine pattern of the cells was markedly changed. Washed cells from an overnight culture were grown in the presence and absence of L-methionine (20 ,ug/ml). Although the initial lag period was somewhat longer in the latter case, the growth of these two cultures proceeded at the same rate. While the cultures were in logarithmic phase, samples were taken at the same turbidity and analyzed for polyamines and RNA. Table 3 shows that the cells supplemented with methionine contained about twice as much unconjugated and total spermidine and 23% more RNA than the cells grown without methionine. On the other hand, the total production of putrescine in these two systems was similar.
A specific stimulation of RNA synthesis by methionine, without a significant change in the growth rate, has recently been described for several strains of E. coli (12, 20) . However, these authors have not reported any data concerning changes in the polyamine content of the cells.
Polyamines and RNA in a thymineless culture. When thymine is omitted from the cultures of E. coli 15 TAU, RNA synthesis continues at a high rate for about 50 min and then gradually decreases, when measured by the incorporation of '4C-uracil into acid-insoluble material (23) . Table 4 presents the net synthesis of polyamines in a thymineless culture. Both putrescine and spermidine synthesis continued through the incubation period of 3 hr, although at a slower rate after 2 hr. Figure 3 compares RNA and polyamine accumulation within the cells. It can be seen that unconjugated spermidine is accumulated within the cells for 2 hr, a time at which also the net accumulation of RNA ends. Putrescine did not accumulate within the cells after 1 hr, but was excreted into the medium at a high rate after this point.
Polyamines and RNA in growing and amino acid-starved cultures of E. coli K-12 RCel mer leu-. Table 5 and Fig. 4 summarize the analysis of cultures of a methionine-and leucine-requiring relaxed mutant of E. coli K-12. As can be seen in Table 5 and Fig. 4 , the ratio of spermidine to RNA to turbidity unit was essentially similar to that in strain 15 TAU. However, the polyamine pattern within the cells grown in a complete medium is quite different from that in strain 15 TAU (see Table 1 ), because the relaxed strain had an unusually low putrescine content. The total production of putrescine was also much lower in this strain, because little putrescine was excreted to the medium. Subjecting the culture to leucine starvation in the presence of methionine resulted in a drastic inhibition in the net synthesis of putrescine, whereas spermidine synthesis continued and this polyamine accumulated in the cells. Table 5 and Fig. 4 further show that starvation of this strain for methionine in the presence or absence of leucine not only stopped spermidine synthesis almost completely, as is expected, but also increased putrescine production and allowed a two-to three-fold increase of this polyamine in the cells. It seems that the high intracellular spermidine observed in cultures supplemented with methionine acts as a feedback inhibitor in putrescine synthesis. We have seen a similar phenomenon in a relaxed mutant of E. coli 15 TAU, but not in its stringent parent (2) . It is also shown in Fig. 4 that, when spermidine synthesis was prevented by omitting methionine, the intracellular unconjugated spermidine decreased to a certain level and then stayed quite constant during further incubation. This suggests that a certain portion of intracellular spermidine is so tightly bound, e.g., to RNA or DNA, that it is not available for acetylation or cannot be replaced by putrescine even at the new high concentration of the latter polyamine.
Because the cells used in this experiment were initially grown in the presence of methionine, a comparison between the changes in the polyamines and RNA during amino acid starvation is complicated by an apparently high initial level of intracellular spermidine. However, the highest content of RNA was again found in the culture which accumulated unconjugated spermidine (Fig. 4) . putrescine even at a concentration 150 mm has only a slight stimulating effect. Furthermore, it was observed that putrescine added simultaneously with spermidine inhibits the effect of the (4) . In Fig. 5 it can be seen that the uracil incorporation is stimulated by spermidine after a clear lag, which is shorter at higher concentrations of spermidine. This lag is probably due to a slow penetration of spermidine into the cell. Furthermore, Fig. 5 shows that at a higher concentration of spermidine there is loss of viability, as measured by plating on nutrient agar. In contrast, putrescine had no effect on viability even at a concentration of 150 mm, but protected against the "lethality" of spermidine. Figure 6 compares the effect of spermidine on uracil and leucine incorporation into acid-insoluble material in amino acid-starved cultures. At a concentration of 20 mm, spermidine slightly stimulated uracil incorporation but had no effect on leucine incorporation. At 40 mm, spermidine extensively increased uracil incorporation and also slightly stimulated leucine incorporation. With 80 mm spermidine, leucine incorporation was completely inhibited, as reported earlier (2) .
The rate of stimulation of uracil incorporation by spermidine at a given concentration depends on the pH of the culture medium. No stimulation by spermidine was seen in M-9 medium, which has a pH slightly below 7. This is apparently due to a slow uptake of external polyamines at low pH levels (24) . somes the bulk of the radioactivity accumulated in the presence of spermidine sedimented as a broad peak lighter than the 30S peak in a sucrose density gradient. Figure 8 shows that spermidine mainly increases the accumulation of ribosomal, i.e., 23S and 16S RNA, although some increase is also seen in the region between 16S and 4S, which is known to contain messenger RNA and ribosomal precursors, and degradation products of these two classes of RNA. This pattern, i.e., the stimulation of synthesis of both 23S and 16S ribosomal RNA, clearly differs from that obtained with streptomycin under comparable conditions (8) . Streptomycin preferentially stimulated the synthesis of 16S RNA.
DiscussioN
The present results show that in a variety of different growth conditions there is a clear parallelism between the intracellular accumulation of unconjugated spermidine and RNA. The conditions tested include a comparison of normally growing cells and cells inhibited by amino acid or thymine starvation as well as the use of the antibiotics chloramphenicol and streptomycin. These observations suggest the existence of a structural relation between the polyanionic RNA and the cation, spermidine. The stoichiometry between the changes in the cellular concentrations of these two compounds, however, is not clear-cut. In many instances, the percentage increase from the initial level of unconjugated spermidine was about twice that found in RNA.
These observations help to support the hypothesis that a considerable portion of cellular spermidine is associated with RNA in vivo. This can be expected also on the basis of many observations in vitro, such as a strong affinity of polyamines to nucleic acids (25) , as well as their presence in isolated ribonucleoprotein particles from bacteria (3) and animal tissues (19, 27) , although the interpretation is complicated by the possibility of secondary redistribution during cell disruption.
The behavior of cellular putrescine is quite different in many respects from that of spermidine. Treatment with streptomycin, or with levorphanol, a basic morphine derivative (21) , caused an extrusion of cellular putrescine, but not of unconjugated spermidine or even the less basic monoacetyl derivative of the latter. This is taken to indicate that most of cellular putrescine is rather loosely bound and leaks out when the permeability of the cell wall is changed. However, the possibility that these drugs cause a specific change in permeability is not excluded, although it seems unlikely. Relatively little is known about the factors which determine the rate of acetylation of polyamines in E. coli. On the other hand, no significant deacetylation has been found in growing cultures of E. coli (5) . With the growth conditions used in the present study, i.e., in a high phosphate mineral medium at a pH of 7.4 to 7.5, about 10 to 20% of cellular putrescine and 50 to 70% of cellular spermidine were found in an acetylated state. The experiments with the methionine-and leucinerequiring relaxed mutant of E. coli K-12 showed that when this organism was subjected to methionine starvation, which almost completely inhibited spermidine synthesis, a large portion of unconjugated spermidine was retained in the cells. The apparent "protection" of this fraction from acetylation might indicate a tight binding to anionic sites which prevents this reaction. The binding site seems to be RNA, at least to a great extent. This was also strikingly seen by comparing polyamine production in a stringent and relaxed pair of E. coli 15 TAU (2) . When the net synthesis of RNA was prevented during amino acid starvation by withholding uracil, the net synthesis of spermidine continued in both organisms at the same rate as in the presence of uracil, but neither of these organisms accumulated unconjugated spermidine. In the presence of uracil, the relaxed mutant accumulated both RNA and unconjugated spermidine, whereas neither was accumulated in the stringent parent. The result was the same when the synthesis of spermidine was markedly increased in both organisms by adding methionine under the above conditions to the culture medium.
Our data reveal that strain 15 TAU growing in mineral medium not only has a relatively high intracellular' concentration of putrescine but excretes large amounts of this polyamine into the growth medium. According to the recent report of Morris and Pardee (14) , there are two pathways leading to the formation of putrescine in E. coli grown in neutral mineral media, briefly summarized as follows:
1. Ornithine ) Putrescine 2. Arginine > Agmatine -Putrescine The first route is decarboxylation of ornithine; the second involves decarboxylation of arginine to form agmatine, which is then hydrolyzed to putrescine and urea. For each of these routes, there are two kinds of decarboxylases: one "biosynthetic," present in cells grown in neutral mineral medium; the other inducible or "catabolic" (14) . As mentioned earlier, strain 15 TAU is blocked between ornithine and citrulline in the pathway of arginine biosynthesis. It appears likely that, in cultures of 15 TAU in the presence of arginine, putrescine is mainly derived from this amino acid, whereas during arginine starvation putrescine is derived from ornithine. Increased synthesis of ornithine in the latter system might explain the high rate of putrescine production during arginine starvation. This special amino acid requirement of strain 15 TAU may also partly explain the difference in the cellular polyamine pattern, as compared to that found in growing cells of the relaxed E. coli K-12 metleu7, which had an unusually low content of putrescine. On the other hand, the cellular polyamine pattern of wild-type E. coli B grown in the mineral medium used in the above experiments was fairly similar to that of strain 15 TAU (unpublished data).
As shown in the present results, in the methionine-and leucine-requiring relaxed mutant of E. coli K-12, methionine deficiency not only inhibited spermidine synthesis, but markedly stimulated the synthesis and also the intracellular accumulation of putrescine. A comparable phenomenon was seen in the relaxed mutant of E. coli 15 TAU (2). When spermidine production was increased in this strain by adding methionine to the growth medium, putrescine synthesis was sharply reduced during arginine starvation. The inhibition of putrescine synthesis in these relaxed strains is probably due to a feedback inhibition by spermidine. Strikingly enough, putrescine synthesis was not affected by methionine in the stringent strain of 15 TAU, although spermidine synthesis was increased considerably. As discussed earlier (2), a relaxed strain may be one in which putrescine synthesis is actively inhibited by internal spermidine. Further analyses of stringent and relaxed pairs are needed to determine the generality of this phenomenon.
The apparent association of cellular spermidine in vivo with RNA, as shown by the present results, as well as the ability of polyamines in vitro to stabilize nucleic acids (cf. 25) strongly suggest that polyamines function as physiological stabilizers of ribonucleoprotein particles, e.g., ribosomes. The apparently simultaneous stimulation of liver spermidine and RNA synthesis at early phases after partial hepatectomy (6, 18) or after growth hormone treatment (Jainne, personal communication), as well as the relaxation of RNA synthesis by exogenous spermidine in stringent bacteria, raises the question of whether poly-amines do regulate RNA synthesis. At this time, several possibilities may be suggested to explain the stimulating effect by spermidine on uracil incorporation during amino acid starvation.
(i) It has been suggested that the relaxation of RNA synthesis by chloramphenicol would be due to inhibition of protein synthesis and an increase in the amino acid pool. This has been suggested to operate by reducing the level of uncharged soluble RNA (10) . However, spermidine at a concentration of 40 mm does not inhibit leucine incorporation in 15 TAU in the absence of arginine, although it sharply increases uracil incorporation. The observation that spermine is able to stimulate RNA synthesis, even in a system in which protein synthesis is maximally inhibited by a previous treatment with chloramphenicol (13) , speaks against an effect mediated by the increase in amino acid pool. Furthermore, we have observed that in a relaxed mutant of 15 TAU in which RNA synthesis stops in about 80 min in the absence of amino acid, even 20 mm spermidine clearly permits the continuation of RNA synthesis (2) . It is also of interest to note the difference in the polyamine metabolism in a stringent and relaxed pair of E. coli 15 TAU, the latter producing far more spermidine and far less putrescine during arginine starvation, as compared to the stringent pair (2) .
(ii) It is also possible that spermidine decreases the turnover of newly synthesized RNA.
(iii) Spermidine may act more or less directly on RNA synthesis, e.g., by either combining with the RNA product and changing its conformation or by affecting the DNA template, mechanisms suggested for the observed in vitro stimulation of RNA polymerase by spermidine (cf. 4). These stimulating effects of spermidine appear to be modified very significantly by the concentration of putrescine, which, in vivo at least, diminishes the stimulation by spermidine. Our data are consistent with the idea that putrescine modifies the stimulation by spermidine intracellularly as well. Under conditions in which spermidine and RNA accumulation are stopped, as in the normal stringent cell lacking an amino acid, putrescine content increases very sharply. Under conditions in which spermidine and RNA accumulation are stimulated in the absence of the amino acid, the putrescine level is held stationary or markedly reduced. These effects are most strikingly seen in the case of streptomycin, which actually expels cellular putrescine before RNA synthesis is relaxed, or in the relaxed strains which are inhibited in putrescine synthesis by intracellular spermidine. We suggest, therefore, that RNA synthesis is controlled significantly not only by the absolute level of intracellular spermidine but also by the competing concentration of putrescine.
